The concentrations of dissolved organic carbon (DOC) and hydrophilic DOC (Hil-DOC) in Hiroshima Bay showed clear seasonal changes (high in summer and low in winter), suggesting the autochthonous production of Hil-DOC. The percentages of hydrophobic DOC (Hob-DOC) fractionated by XAD-8 resin were 33% for the bay waters and 41% for the river waters, whereas those of labile DOC (which decomposed during an incubation period of 100 days) were 20% and 24%, respectively. The increment of DOC to Chlorophyll a was calculated to be (0·014 mgl 1 )/( gl 1 ). The mixing experiments suggested a negligible deposition of DOC at the estuaries of inflowing rivers. The Hob-DOC went through the bay with negligible changes in concentration in both summer and winter, but its chemical characteristics, e.g. spectrophotometric properties and mean molecular weight, differed from those of riverine origin. In contrast, both labile and refractory components of Hil-DOC were produced mainly in the inner part of the bay during summer, and although a significant percentage of the labile component was subjected to biodegradation during transport to the outer part of the bay, its chemical characteristics did not change dramatically.
Introduction
The concentration, composition, and dynamics of dissolved organic matter (DOM) in bays and/or estuaries (hereinafter estuaries) have been the focus of intense study over the past 20 years (Hedges et al., 1994; Guo & Santschi, 1997; Mannino & Harvey, 2000) . The dynamics of DOM not only closely relate to the structure and productivity of the ecosystem, but also affect the oxygenic conditions in estuaries. The fate of DOM in estuaries may further make a significant contribution to the oceanic organic carbon budget in which dissolved organic carbon (DOC) is the largest reservoir.
The temporal and spatial changes in DOM depend mainly on physical processes such as mixing between riverine and coastal waters (Moore et al., 1979; Mantoura & Woodward, 1983; Cifuentes & Eldridge, 1998) , biological processes such as excretion from phytoplankton (Aminot et al., 1990) , bacterial uptake (Zweifel, 1999) , and chemical removal processes such as flocculation, precipitation and adsorption on particulate substances (Sholkovitz, 1976) . They are also influenced by DOM input from surface or bottom boundaries such as release from sediments (Burdige & Homstead, 1994) and atmospheric deposition (Velinsky et al., 1986) . However, the estuarine dynamics of DOM are poorly understood. Moreover, the DOM is estuarine and coastal regions was characterized by molecular weight (Pettine et al., 1999) , chemical fractionation with resin (Vojvodic & Cosovic, 1996) , fluorescence techniques using the synchronous fluorescence spectrum (Cabaniss & Shuman, 1987; De Souza Sierra et al., 1994; Pullin & Cabaniss, 1997) , excitation-emission matrix (Coble, 1996; Del Castillo et al., 1999) , stable isotope ratio (Cifuentes & Eldridge, 1998) , chemical composition (Hedges et al., 1994; Guo & Santschi, 1997) ; lignin content (Mannino & Harvey, 2000) etc. There are, however, very few papers investigating the differences in the amount and the chemical characteristics of DOM between riverine and estuarine waters.
In this paper, we present the results of our field survey on temporal and spatial DOM changes in Hiroshima Bay over one year. Several chemical characterization techniques, i.e. fractionation with resin, determination of molecular weight, spectrophotometric and fluorescence properties, and incubation test on lability, were applied to the estuarine and riverine samples and then discussed with the DOM changes in order to derive the composition and origin of estuarine organic matter. The methods using spectrophotometric properties have the advantage of easy determination, and however, the disadvantage of limited information on coloured organic substances.
Methods

Study site
Hiroshima Bay, an elliptical bay located in the western Seto Inland Sea, is about 30 km wide from east to west and 50 km long from north to south (Figure 1 ). The estuarine water in the bay is not easily exchanged due to the topographical characteristics of the bay, i.e. the inside is divided into northern and southern sections by Itsukushima and Nohmijima, and the outside is enclosed by Yashirojima. The entire area is about 1000 km 2 . The northern section is about 160 km 2 in area with a mean depth of 18 m. Five sampling sites (Sts 1-5) are located in the northern section, while we chose two other sites (Sts 6 and 7) just outside this section. The mean depths are about 10-20 m at Sts 1-4, 30-40 m at Sts 5 and 7, and 20 m at St. 6, respectively.
There are three major inflowing rivers; the Ota, the Yahata, and the Seno. Each river discharges 87, 2·3, and 2·4 m 3 s 1 , respectively, the values being averaged over a year. The amounts of water discharge and organic load from the Ota River are overwhelming compared with the other two rivers. In addition, there are several large sewage treatment plants whose total of discharges amounts to 3·6 m 3 s
1
. The apparent residence times of fresh water, which are calculated as the freshwater volumes (estimated with the salinity distribution) divided by the total discharges, are around 30 d for the northern section and 100 d for the entire Bay. We usually show the data obtained at St. 7 as representative of Hiroshima Bay because it located near the centre of the bay and has the highest salinity of the seven sites.
Water sample collection
The surface water samples were collected with a 5-l Van Dorn sampler at the seven sites (Sts 1-7) monthly from August 1997 to August 1998 as well as water samples 0·5 m just above the bottom at Sts 4 and 7. Water samples were also taken at the downstream stations of the three influent rivers and from the effluents of the Senda and the Tobu sewage treatment plants bimonthly from October 1997 to August 1998. The data obtained from September 1997 to August 1998 were used for the analyses on a yearly basis. The samples collected in 1 l polycarbonate bottles were immediately placed in an icebox and brought back to the laboratory where we filtered them through precombusted (450 C for 4 h) Whatman GF/F filters (effective pore size 0·7 m). The filtrates were kept at 3 C or frozen in 500-ml polycarbonate bottles until analysis; sometimes we confirmed negligible changes in DOC between before and after storage. All the polycarbonate bottles had been washed previously in HCl and then placed in an ultrasonic bath filled with Milli-Q water for 30 min.
Chemical analysis
After removal of inorganic carbon from the acidified filtrates by the addition of 2 N HCl to pH 2 and purging with nitrogen gas, the DOC concentrations were determined on a commercially available total organic carbon analyser (model TOC-5000; Shimadzu) equipped with 2·8 g of 20% Pt catalyst on quartz wool. Analytical precision was typically within 0·06 mgC l 1 for the estuarine, riverine and STP waters (calculated for the samples with more than five measurements) and the mean values used here were usually from three or more measurements on each sample. Carbon concentrations were determined against potassium hydrogen phthalate standards after correction for total blank using the same procedure as Pettine et al. (1999) . This blank, which was the analytical system blank plus a Milli-Q water blank (Milli-Q SP. TOC, Millipore), was usually around 0·1 mgC l 1 (never larger than 0·2 mgC l 1 ) during the entire experimental period. Both the Milli-Q water blank and the standard were usually measured at intervals of 10-20 samples. Milli-Q water was also used as the blank for both absorbance and fluorescence measurements (Vodacek et al., 1995) .
Absorbance measurements were made in a 1-cm quartz cell at every 10-nm interval between 220 and 290 nm with a Shimadzu UV2500 spectrophotometer (slit width: 2 nm). UV absorbance was expressed by log (I 0 /I) divided by the cell length (cm) where I 0 is the incident light intensity and I is the light intensity emerging from the solution. The pH of the samples, which was always within 6-8, was not adjusted because the absorbance remained almost constant in this pH range (Buffle et al., 1982) . The absorption spectra of all samples exhibited a monotonous decrease with increasing wavelength, which was similar to the patterns reported by Buffle et al. (1982) . UV absorbance at 260 nm was selected because (1) the maximum UV absorbance of phenolic, benzene carboxylic and polycyclic aromatic compounds occurs at wavelengths between 200-290 nm, and (2) the presence of nitrate and borate in the seawater does not affect the measurement of UV absorbance at 260 nm (Ogura & Hanya, 1966) .
A Shimadzu RF-5300PC was used for fluorescence measurements with a 1-cm quartz cell. The instrument was calibrated with salicylic acid solutions, but the intensity was arbitrarily set to make only relative comparisons. Synchronous spectra were collected with 10-nm slit widths for both monochromators. The excitation wavelength varied from 275 to 475 nm during the scans. The emission wavelength was offset by 25 nm from the excitation wavelength. This offset was found to be a reasonable compromise between the signal to noise ratio and the loss of structural features (Cabaniss & Shuman, 1987) .
Hydrophobic (Hob-) and hydrophilic (Hil-) concentrations were quantified by a simple DOC fractionation method using Amberlite XAD-8 resin (20-60 mesh size, mean specific surface area: 450 m 2 g 1 , mean pore size: 250 A r ; Leenheer, 1981) . Resin was soaked in 0·1 NaOH for 5 days while removing the supernatant and subsequently made clean by Soxhlet extraction with methanol, diethyl-ether, acetonitrile, and methanol in succession. The column capacity factor k was 50. The filtrates of estuarine and riverine waters were acidified to pH 2·0 with 6·0 M HCl. Using a peristaltic pump at a flow rate not exceeding 1·5 ml min 1 , 200 ml of the filtrate was passed through a glass column containing 3 ml (wet volume) of XAD-8 resin which had already been washed with 200 ml of Milli-Q water and then conditioned by passing 3 ml of 0·1 M NaOH and subsequently 3 ml of 0·1 M HCl through it. The conditioning was repeated three times. Hydrophobic bases and hydrophilic components could pass through the column. The bases of hydrophobic components, though, can be assumed to be negligible because their proportions are very small in the freshwater DOM (1-2% of total DOC; Imai et al., 1998) and because it is considered that such components, e.g. aromatic amines, are probably bound with negatively-charged substances and then precipitate quickly. Therefore, we assumed that the eluted components after the blank correction (0·24 0·15 mgC l 1 ) were hydrophilic. Subsequently, the column was eluted in reverse direction with 3-4 bed volumes of 0·1 M NaOH at a flow rate of less than 1 ml min 1 , and the eluted components were assumed to be hydrophobic, however, it should be noted that the entrapped component in the column consisted of hydrophobic neutrals (Leenheer et al., 1981) . From the view of DOC, these components can be neglected because the sums of the aforementioned Hil-DOC and this Hob-DOC were usually equal to or higher than the DOC of the original filtrate (their ratios: 1·20 0·34 and 1·04 0·18 for the estuarine and riverine samples, respectively; see Figure 3 ). Higher ratios than unity, however, indicated relatively low accuracy in fractionated DOC than the total DOC. The concentration of Hob-DOC was calculated by multiplying the effluent DOC by the elutant to sample volume ratio and corrected for the blank (usually less than 0·06 mgC l 1 ). High-pressure gel-permeation chromatography (GPC) was performed at room temperature using a Hitachi L-6200 pump, a Hitachi L-4000 UV detector operating at 260 nm, a Hitachi D-2500 data integrator, a Rheodyne rotary injection valve equipped with a 100 l sample loop, and a Waters Protein-Pak 125 modified silica column. The column packing was selected based on its low residual hydrophobicity and minimal ion-exchange capacity (Chin et al., 1994) . Mobile phases were comprised of Milli-Q water buffered with phosphate to a pH of 6·8 and sodium chloride to yield an ionic strength of 0·1 M. Molecular weight standards were comprised of sodium polystyrenesulfonates (35 K, 18 K, 8 K, 5·4 K and 1·8 K) and acetone. The calibration curves were linear on a log-linear plot over the range defined by our standards and were used to determine both number-and weight-averaged molecular weights.
For the purpose of the molecular weight measurements, freshwater samples were adjusted close to an ionic strength of 0·1 M with an appropriate addition of 4 M NaCl and a pH of 6·8 with additions of HCl and NaOH. Seawater samples were diluted five times with Milli-Q water to bring their ionic strength close to the mobile phase, assuming that ionic strengths in seawater samples are 0·5-0·6 M (Stumm & Morgan, 1996) . The pH of the solution was then adjusted to around 6·8 with additions of HCl and NaOH.
The chlorophyll a concentrations were determined spectrophotometrically (APHA/AWWAWEF, 1995). Salinity was measured using the Practical Salinity Scale.
Biodegradability experiments
The filtrates of the samples taken bimonthly from October 1997 to August 1998 were incubated in sterile 300-ml glass bottles at 20 C in the dark without shaking. The sorptive losses to the bottles could be neglected because there was almost always less than a 0·1 mgC 1 1 difference in the blank tests for more than 100 days. No samples were inoculated. We took sub-samples of about 20 ml and determined DOC concentrations around 10, 20, 30, 40, 60, 80 , and 100 days after the incubation began. In consideration of the residence time of water in Hiroshima Bay, we use the term refractory component (R-DOM), i.e. DOM that remains after a 100-day incubation. The labile DOM was then calculated by the difference (total DOM R-DOM). Fractionation with XAD-8 resin was also applied to the refractory component.
Mixing experiments
Laboratory experiments were carried out to monitor the temporal changes in DOC after mixing filtered riverine waters with filtered estuarine water obtained at St. 7 (salinity: 2·7-3·3) or 3·5% NaCl solution. Two filtrates of 250 ml each were mixed together in a 500-ml polycarbonate bottle and then sub-samples of about 30 ml were taken 0·5, 1, 3, 6, 12, 24, 48 , and 72 h after mixing. Subsequently, the concentrations of DOC, UV-absorbance, and synchronous spectra were determined.
Statistical tests
To test the equality of the two means, we applied the t test for paired comparisons or the t test for unpaired comparisons corresponding to the sampling conditions and purpose of the test (StatView 5, SAS Institute Inc., North Carolina). We usually used P<0·05 in assigning significance, but the level of significance (P), number of samples (n), and the kind of test were shown in the respective cases to express the confidence level. Multiple-regression analysis were also applied to the data (Excel98, Microsoft Co., Nevada).
Results and discussion
Temporal and spatial change in DOC concentration
In Hiroshima Bay, the DOC concentrations were high in summer and low in winter (Figure 2 ; 1·54 0·19 mgC l 1 from July to September vs. 0·87 0·17 mgC l 1 from January to March at all 7 sampling stations; P<0·01, n=21, unpaired t-test). We found significantly higher DOC concentrations from the surface layer (1·26 0·30 mgC l 1 ) versus those collected from the bottom layer (0·95 0·28 mgC l 1 ) at St. 4 (P<0·01, n=12, paired t-test), but insignificant differences at St. 7 (1·10 0·24, 1·00 0·33 mgC l 1 ), respectively: P>0·1). These observations probably suggest high biological productivity in summer as discussed below. In the influent rivers, there were similar, but less clear seasonal changes (Figure 2 1·57 0·26, and 2·07 0·40 mgC l 1 for the Ota, the Yahata, and the Seno Rivers, respectively, which were smaller than the effluent concentrations from Senda STP (5·35 1·18 mgC l 1 ) and Tobu STP (5·01 0·54 mgC l 1 ). In the bay, the Hil-DOC demonstrated a clear seasonal change (high in summer and low in winter) with chlorophyll a concentration, whereas these changes were not found with Hob-DOC (Fukushima et al., 2000) . Values two to three times higher were observed for Hil-DOC compared with Hob-DOC (Hob-DOC: 0·40 0·11, Hil-DOC: 0·94 0·23 mgC l 1 ; the average of all the seven stations; P<0·01, n=84, paired t-test; Figures 3 and 4) . The discharge-weighted averages of Hob-and Hil-DOC of the inflows (three influent rivers and two STP) did not show a clear seasonal shift (Figure 4) . To sum up, the percentages of Hob-DOC were 33 2% (n=7) for the estuarine waters and 42% for the dischargedaverage of the inflows. A predominance of Hil-DOM in estuarine samples was also observed by Vojvidic & Cosovic (1996) who fractionated the North Adriatic Sea samples with XAD-8 resin.
The percentages of labile DOC for total DOC were 20 6% (n=7) and 24% for estuarine waters and the discharge-weighted average of the inflows, respectively (Figure 3 ; Hil-DOC; 7 6% (n=5) and 13%, respectively; Hob-DOC; 23 11% (n=5) and 27%, respectively). Higher proportions of refractory DOC were observed in Hob-DOC compared to Hil-DOC (P<0·01, n=9, paired t-test), which is probably attributable to the low degradability of humic-like substances eluted from the soil layer. Compared with estuarine waters, higher hydrophobic and higher labile DOM in riverine waters can be explained by the higher lability of both Hob-and Hil-DOMs.
Relationship with environmental parameters and budgetary analysis
The multi-regression analysis with chlorophyll a and salinity as the independent variables was applied to the estuarine DOC data by assuming that the DOC concentration at the intercept (chlorophyll a ; multiple regression coefficient: 0·50, P<0·01, n=84; the rate of variance explained by salinity: 0·00, and that by chlorophyll a: 0·25]. Since the DOC concentration change (1·03 mgC l 1 ) corresponding to the chlorophyll a change (maximum change: 72·9 g l 1 ) was considerably larger than that (0·003 mgC l 1 ) corresponding to salinity (maximum change: 13), the DOC concentrations could be determined principally by the chlorophyll a concentration alone. The partial regression coefficient for chlorophyll a (0·0141 (mgC l 1 )/ ( g l ) obtained for Tokyo Bay with a similar method (Ogawa & Ogura, 1990) .
Irrespective of the mixing conditions and the filtration of sample waters, the mixing experiment suggested only a negligible change in DOC concentration during the mixture between riverine waters and estuarine waters (e.g., the ratio of the initial DOC to the final DOC during the mixing experiment; 0·95 0·08 (n=8) for the samples of November, 1998). This conservative DOC behaviour is similar to the results reported by Moore et al. (1979) , Mantoura & Woodward (1983) , Aminot et al. (1990) and Ogawa & Ogura (1990) , but slightly different from those of Sholkovitz (1976) (3-11% of the riverine DOM was flocculated).
Considering the DOC budget in Hiroshima Bay, the atmospheric deposition of DOC can be neglected because of the small amount of water (around 1/10 of the inflowing rivers' input) and DOC input (around 1/100 of the inflowing rivers' input). With respect to the release from sediments, we applied the flux measured for Chesapeake Bay sediments (8·52 mgC m 2 d 1 ) since the measured values of net primary productivity were very similar between the two bays [Chesapeake Bay: 300-600 gC m 2 y 1 (Burdige & Homstead, 1994) ; Hiroshima Bay: 300-600 gC m 2 y 1 (Date et al., 1989) ]. The total input through sediment release was estimated to be 1·3 10 6 gC d 1 , which amounted to 10-20% of riverine input. Even though we neglected this input source, the measurement of DOC release from sediment will be needed in the future.
The DOC budget in Hiroshima Bay was determined mainly by the river input, exchange with the outer seawater, internal production, and their decomposition (Figure 4 ; not supported statistically due to n=2). In summer, Hil-DOC of both labile and refractory components was produced in the inner part Hydrophobic-DOC F 6. UV absorbance : DOC ratios for total hydrophobic and hydrophilic DOC fractions, before and after 100-days incubations. Estuary-Before, River-Before, STP-Before, Estuary-After, River-After, STPAfter.
of Hiroshima Bay (the average of the observed DOC at Sts. 1 and 3) because their concentrations in the inner part were higher than both those in riverine waters and those in the outer part (the average of the observed DOC at Sts 6 and 7). Then, they were carried to the outer part with a decrease probably due to an exchange with the more outer seawater and decomposition. The Hob-DOC, of which the majority is refractory, went through the bay with negligible change. In summer, DOC of about 0·4 mgC l 1 , which was comprised mainly of Hil-DOC, was produced in the bay. In contrast, both Hil-and Hob-DOC exhibited a relatively small alteration in winter. It is noteworthy that there was no decrease in the labile fraction of Hil-DOC, whereas a decrease in its refractory fraction was observed from the inner part to the outer part in summer. The former tendency probably indicates that the loss of the labile Hil-DOC carried from the rivers and produced in the inner bay was compensated for by its production in the more outer estuary. The latter would be due to the dilution of the refractory Hil-DOC with the more outer seawater. However, further investigation with statistical testing will be needed.
Chemical characterization of DOM
The UV absorbance:DOC ratio for total DOM was low in summer and high in winter for the bay samples ( Figure 5 ; mean of the estuarine points; 16·2 1·5 for January-March; 13·8 1·4 ( 10 3 cm 1 ) (mgC l 1 ) 1 for July-September; P<0·10, n=21, unpaired t-test) in a similar manner to that observed in Lake Kasumigaura (Fukushima et al., 1996) . The low ratio in summer is probably due to the production of less-coloured Hil-DOM, i.e. the Hil-DOM of which the ratio is relatively lower than Hob-DOM as shown below. The UV absorbance:DOC ratios for riverine DOM did not exhibit seasonal differences (mean of the riverine samples; 19·3 4·8 for February; 20·6 2·8 ( 10 3 cm 1 ) (mgC l 1 ) 1 for August; P>0·10, n=5, paired t-test) because a large proportion of riverine material is always coloured. Compared with the riverine samples, these ratios for total DOM and Hob-DOM are significantly smaller in the bay ( Figure 6 ; total DOM; estuarine 13·7 2·1, riverine 20·1 1·3, P<0·01, Hob-DOM; 14·8 2·8, 22·5 1·9 ( with other lakes and seas (Zumstein & Buffle, 1989; McKnight et al., 1994; Fukushima et al., 1996 , Del Castillo et al., 1999 , but not for Hil-DOM (10·2 1·7, 10·2 1·7 ( 10 3 cm 1 ) (mgC l 1 ) 1 , respectively, P>0·1). The higher ratios in the riverine samples might be attributable to the larger proportions of components with high UV absorbance:DOC ratios, e.g. materials leached from soil.
Hob-DOM (estuarine: 14·8 2·8; riverine: 23·8 2·7 ( 1 : P<0·01, n=18, paired t test). This is because Hob-DOM is composed mainly of aromatic organics with higher UV absorbance:DOC ratios. In contrast, Hil-DOM is mainly aliphatic. We should also pay attention to the significant differences in the ratios for Hob-DOM as well as the insignificant differences in the ratios for Hil-DOM between estuarine and riverine samples. In addition, there were insignificant changes in the ratios during the incubation experiments.
With respect to the synchronous fluorescence spectrum, region-specific but broad peaks were usually observed; the representative peaks were around 340 nm for estuarine samples (Figure 7) , 350 nm for the Ota River (Figure 8 ), 375 nm for the Yahata, 340 nm for Senda STP, and 375 nm for Tobu STP ( Figure 9 ). As for the estuarine and the Ota River samples, the synchronous spectra of the samples before resin-fractionation were more similar to those of the Hil-DOM than the Hob-DOM (maxima at same wavelengths), indicating that the features of the synchronous spectrum around 330-360 nm are principally a consequence of the Hil-DOM. For both Hil-and Hob-DOMs, no peak could be found at 375 nm, although this was observed for almost the total fractions of the Yahata River, Senda STP and Tobu STP. Particularly for the Yahata River samples, the sums of fluorescence intensity of the Hob-and Hob-DOM were considerably smaller than those of the total DOM at these peaks (around 375 nm). Therefore, it was supposed that this peak was due to hydrophobic-neutral components, e.g. hydrocarbons, carbonyl compounds and linear alkylbenzene sulfonate (LAS).
There were no significant seasonal differences in the synchronous spectrum between sampling water bodies or between before and after incubation. Relatively broader peaks were observed for the Ota River compared with Hiroshima Bay, but their differences were not so large even in the case of Hob-and Hil-DOM, respectively (Figures 7 and 8) . In contrast, the other samples almost always possessed clearly different spectra as mentioned above. This indicates that the coloured DOM in Hiroshima Bay principally originates from the coloured DOM carried by the Ota River. River samples usually have peaks at around 340 nm, 380 nm, and 430 nm (Cabaniss & Shuman, 1987; Pullin & Cabaniss, 1997) . Since Lombardi & Jardim (1999) have reported that soil fulvic acids have peaks centred at 390 nm and 480 nm, our river samples are possibly not comprised of soil fulvic acids, or humic matter eluted from this area has different fluorometric characteristics from their study. In contrast, De Souza Sierra et al. (1994) showed a peak at 330 nm in synchronous spectra for estuarine and Atlantic Ocean samples, which was also observed in Hiroshima Bay. In addition, De Souza Sierra et al. (1994) , Coble (1996), and Del Castillo (1999) reported a blue-shift in the fluorescence spectra with salinity, which was similar to our results (Ota River: around 350 nm, Hiroshima Bay: around 340 nm). In gel permeation chromatography (GPC), both the estuarine total and Hil-DOMs had several distinguishable peaks at various elution times, which correspond to the logarithm of molecular weight, whereas only one peak was observed around 11 min for the estuarine Hob-DOM [ Figure 10(a) ]. In contrast, the total and Hil-DOMs of the riverine and STP samples exhibited less distinguishable peaks than those of the estuarine samples [Figure 10(b) ]. The relatively noisy chromatograms of the estuarine total and Hil-DOMs were possibly due to their relatively low DOC concentration since the estuarine samples were diluted with Milli-Q water to make their ionic strength comparable to that of the mobile phase. This low sample concentration (i.e. low signal to noise ratio) might have led to the observed distinguishable peaks. However, in GPC chromatograms of groundwater and streamwater samples having similar DOC concentration levels, no multiple distinguishable peaks were observed such as those in the estuarine samples (Imai, unpublished data) . Thus, we think that the distinguishable peaks are not artificially derived but are a characteristic of estuarine DOM. The total permeation time in our GPC system was 13·4 min defined as the elution time of acetone (58 Dalton). The peaks observed after 13·4 min are likely to result from interactive adsorption of the sample DOM onto the column packing materials (stationary phase). Thus, we have neglected this part (after 13·4 min) when calculating the average molecular weights. Peaks detected after less than 6·6 min of elution time were also removed from the analysis because (1) we did not check the linearity between the elution time and the logarithm of molecular weight over 35 000 Dalton (elution time: 6·6 minutes) by sodium polystyrenesulfonates, and (2) the peak area of less than 6·6 min was less than 5% of the total peak area. Hereafter, we discuss the average molecular weights of DOM, particularly the weight-averaged molecular weights.
Clear seasonal changes were not seen in Mw at either bay or river sampling points (Figure 11) (Pettine et al., 1999; Benner & Hedges, 1993) . In addition, our data on the Mw of the riverine waters were relatively fewer than those reported by Chin et al. (1994) close to those by Malcolm (1990) (stream fulvic acid: 600-1000 Dalton).
Hob-DOM had a higher Mw than Hil-DOM in both estuarine and riverine waters (St. 7, Hob-DOM: 665 29; Hil-DOM: 422 42; P<0·05, Ota River: 898 146; 677 214 Dalton, respectively; P>0·1, n=3, . This is consistent with the data reported by Chin et al. (1994) (molecular weights of fulvic substances: 2230, humic substances: 4100, river and lake samples: 1080-2310 Dalton). In addition, there were insignificant Mw differences during incubation in both estuarine and riverine waters.
In summary, Hil-DOM increased in concentration from the inflowing rivers to the bay, but its chemical characteristics did not change markedly. This is probably due to the autochthonous production of Hil-DOM in the bay particularly during summer, the chemical characteristics of which are fairly similar to those of riverine origin. In contrast, Hob-DOM remained constant in concentration from the inflowing rivers to the bay, but its chemical characteristics (UV absorbance:DOC ratio) differed significantly from those of riverine origin. This suggests that some chemical transformation of DOM may occur in the bay, such as natural photolysis by ultraviolet irradiance (Wetzel, 1995) .
Conclusions
A comprehensive understanding of DOM dynamics may be obtained by the chemical characterization of DOM, namely hydrophobicity, lability, spectrophotometric and fluorometric properties, molecular weight in estuarine and riverine waters accompanied by statistical analyses of the temporal and spatial DOM changes. First, both the budgetary analysis of DOM from the inflowing rivers to the estuary and the increment of DOC to chlorophyll a concentrations clearly indicate the production of DOM, particularly Hil-DOM during summer, and that this DOM is more labile, less-coloured for UV absorbance and has lower mean molecular weights than Hob-DOM. Secondly, although the chemical characteristics of Hil-DOM did not change extensively, the UV absorbance:DOC ratios and mean molecular weights of Hob-DOM significantly decreased from the inflowing rivers to the estuary, suggesting a chemical transformation during advective transportation.
Separation into Hob-and Hil-DOMs combined with spectrophotometric and molecular weight characterization can yield precise information on DOM production, elimination, and transformation in estuarine areas. Future work will concentrate on the relationship between DOM dynamics and the fluctuations in individual components of the ecosystem (e.g. phytoplankton, zooplankton, bacteria, fish) and the influence of sediment on DOM dynamics.
